Intravascular aggregation of platelets similar to that found in dogs after norepinephrine infusion was demonstrated using the electron microscope in the hearts of 20 of 23 rats subjected to two forms of stress (immersion in hot water, 7 of 8 rats; repeated small electric shocks to the feet, 13 of 15 rats). Only one of 14 Received January 9, 1973; revision accepted for publication March 5, 1973. 164 lodges in a coronary artery previously narrowed by atherosclerosis. To determine whether the catecholamines produced endogenously during stress are sufficient to cause intravascular platelet aggregation similar to that seen after exogenous infusion of norepinephrine,4 5 studies with rats stressed by immersion in ice water were conducted and similar platelet aggregates were noted on electron microscopic examination of the heart." It was not clear, however, what effect cold temperature per se had on the tendency for platelet aggregation to occur intravascularly in the heart. To further document that the intravascular platelet aggregates noted in the previous study were indeed due to the stress, 2 other forms of stress-immersion in hot water and repeated electrical shocks to the feet of rats-were studied and reported here. Electron microscopic findings in rats stressed in this way were similar to those found after cold stress, with intravascular platelet aggregates found in the small vessels of the heart.
SYMPATHETIC catecholamines have been
shown to cause aggregation of platelets in vitro. 1 3 Infusion of norepinephrine in the anesthetized dog will cause intravascular aggregation of platelets in the small vessels of the heart which can be demonstrated witi electron microscopy. 4 6 The cardiac necrosis and fibrosis seen after infusion of epinephrine can be prevented by pretreatment with platelet aggregation inhibitors such as aspirin, dipyridamole6 7and clofibrate.8 Thus, such cardiac damage probably is related to the regional ischemia caused by platelet aggregates that occlude small vessels.
The precipitating event in acute myocardial infarction may be the occlusion of an already narrowed coronary artery by a platelet thrombus or embolus.9 10 With the evidence suggesting that catecholamine-induced platelet aggregation can occur in vivo and with the clinical findings that catecholamine excretion is increased with stress, it is possible that the mechanism of acute myocardial infarction following severe or prolonged stress might be via a catecholamine-induced platelet aggregate that forms in the arterial system and From Cardiac Section, Bronx VA Hospital and Mount Sinai School of Medicine, New York, New York. lodges in a coronary artery previously narrowed by atherosclerosis. To determine whether the catecholamines produced endogenously during stress are sufficient to cause intravascular platelet aggregation similar to that seen after exogenous infusion of norepinephrine,4 5 studies with rats stressed by immersion in ice water were conducted and similar platelet aggregates were noted on electron microscopic examination of the heart." It was not clear, however, what effect cold temperature per se had on the tendency for platelet aggregation to occur intravascularly in the heart. To further document that the intravascular platelet aggregates noted in the previous study were indeed due to the stress, 2 other forms of stress-immersion in hot water and repeated electrical shocks to the feet of rats-were studied and reported here. Electron microscopic findings in rats stressed in this way were similar to those found after cold stress, with intravascular platelet aggregates found in the small vessels of the heart.
Material and Methods Thirty-seven white laboratory rats weighing 300-500 g were used for study.
Eight rats were stressed by immersion in a tub that contained 4 to 5 inches of water kept at 500 by addition of small amounts of boiling water. The four to five inch water level was chosen to allow the rats to just touch bottom and keep their noses above the water. At the first sign of fatigue (inability to maintain head out of water), the rats were promptly removed from the water bath and killed with a blow on the head and removal of Circulation, Volume XLVIII, July 1973 Additional Indexing Words: Platelet aggregation Stress their beating hearts. Sections of the apex of the LV were prepared for electron microscopic study.
Fifteen rats were stressed by placing them in a chamber with an electrified grid floor. The grid was designed so that it was impossible for the rat to be in position where his feet did not come in contact with both the upper grid and the lower copper screen floor of the chamber. One pole of the output of a Grass stimulator was attached to the grid and the other pole to the lower screen floor. By delivering 150 volt (250 ohm) 80 msec electric impulses every 5 sec across the grid and screen floor, the feet of rats were repeatedly stimulated. With each shock the rats would jump and become agitated. The rats were sacrificed after they appeared markedly fatigued as manifested by lying with their feet in the air and not responding to the electrical stimulation.
Fourteen rats were brought to the laboratory and allowed to remain in their cages. They were similarly sacrificed simultaneously with the stressed rats.
The sections of the left ventricular apex were fixed with glutaraldehyde, post-fixed with osmic acid and stained with uranyl acetate and lead citrate. At least 20 blocks were prepared for each rat and approximately 25 sections were examined from each block.
Results
Hleat Stress. (figs. 1 and 2) The rats were fatigued after 8 to 10 min in the hot water bath. On electron microscopy 7 of the 8 rats were found to have platelet aggregates in the small cardiac vessels.
Aggregation varied in intensity in each rat with some vessels totally occluded by platelet thrombi and other vessels containing platelets adherent to each other and to the vessel wall but not occluding the vessel. No fibrin was noted and no breakdown of the vessel walls was seen. Most of the aggregated platelets appeared intact with retention of their fine architecture. In many of the platelets, however, there was evidence of centralization of granules, a phenomenon seen prior to the release of the substances in the granules and the onset of viscous metamorphosis.12, 13 In those rats with aggregated platelets, approximately 50% of the 20 blocks were found to have intravascular platelet aggregates; and approximately 5 to 7%of small vessels seen contained aggregated platelets.
Shocking Stress. The rats tolerated the stress from 3 to 5 hrs. On electron microscopic study 13 of the 15 rats were found to have platelet aggregates in their cardiac vasculature. The extent of aggregation varied within the individual rat with some vessels completely occluded by aggregated platelets and other vessels containing variable numbers of Thirteen of the 14 control rats were found to have capillaries that were free of platelet aggregates. One control rat had findings similar to the stressed animals, with aggregated platelets in the small vessels of the heart.
Discussion
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S ' ( t : / S $ e / # / x . 2 E 8 < e E / ( f _ K S A ( A ? e t 6 F s * e e e t a ; > a E a x ; , --> -e 9 k f ' ; g _ e X g i s X t > t b i -< < S X { t s f s ; + A j 1 ; x \ E N 2 if 4¢S '@ e S >tvysS ,p,, g2, e A e J 9 e t > s e i / J < 9 * e g 0 : E z S W o -E f i E M E s l u : R i E ' : t . ; . -# ' R : . 6 ' t : ; 4 , t , < W ERE }_Z%w!s,\ ,S,,,Ef; ,ẑ e & ? : ? g ; M S ' j , q , W V e p ' R < R i -. ' : E E Q t & > / W i v : E i X A g g s r w g > t i Q v > P > e g -4 / 5 ( 6 f 2 w e _ S e / ¢ * i z ẑ i E . S g f a K z i : X . Longitudinal section of a myocardial arteriole of a rat stressed by repeated electrical shocks. to cause similar phenomena. In a study previously reported" it was shown that in 16 rats subjected to immersion in ice cold water until fatigued, platelet aggregates were found in the small vessels of the heart in all the stressed animals. Although it was felt that the platelet aggregates seen in the vessels of the heart in these animals were due to stress alone, it was not entirely clear whether the cold per se could cause this phenomenon. The present study-undertaken to clarify the situation-found that the rats subjected to the stress of repeated electrical shocks without change in temperature had essentially the same results as the rats stressed with ice water immersion." During the shock studies, it was evident that the rats were quite uncomfortable and agitated. After a short period of attempting to escape from the chamber they would wander around the chamber with the hair on the back of their necks erected and their eyes dilated as they awaited the shocks. At the impulse they would jump in the air and again start wandering. After 3-5 hrs of this they would appear to give up, would lie on their backs, close their eyes and begin quivering. At this point they were sacrificed. Thirteen of the 15 rats showed marked platelet aggregation in the small vessels of the heart. Why the remaining two rats did not have the intravascular platelet aggregation is unknown, but may be due to variation in the way that the animals responded physiologically to the stress. It is of interest that fibrin was found diffusely in the platelet aggregates of two of the shocked rats. This was noted in the previous studies after 4 hr norepinephrine infusion5 but was not prominent among the rats that were sacrificed after 25-45 min in the ice water bath." It is possible that stress must be continued for a finite length of time before fibrin will form. This time requirement may be a defense mechanism of the organism against the formation of irreversible thrombi in the small vessels of the heart. Early in the formation of a platelet aggregate, before the second stage of aggregation with release of the substances (e.g., ADP )33 in the platelet granules, platelet aggregation is reversible.3 At the time of the second stage of aggregation, with the release phenomenon and viscous metamorphosis, the aggregate becomes irreversible3 and fibrinogen is converted to fibrin. The absence of vessel wall damage noted in this study and in the rats stressed by cold water immersion may be due to the same phenomenon. Among the substances released from platelets during the second stage of aggregation are proteolytic enzymes that can damage the vascular wall. With the absence of a substantial release reaction in the stressed rats (the granules were intact in most of the aggregated platelets) damaged vessels would not be expected. It is interesting to note that among rats subjected to ice water stress, but allowed to live and sacrificed one week later, only 2 of 13 showed evidence of myocardial necrosis on light microscopy.11 This suggests that although intravascular platelet aggregates may form during stress, patients probably survive repeated stress over years without eventually thrombosing all of their small vessels because after most episodes of stress the intravascular aggregates break up and vascular patency is restored. Only if the platelet thrombi form at or travel to sites of critical narrowing of a coronary artery do they cause obvious myocardial infarction.
Among the rats subjected to immersion in hot water (50°C), 7 of the 8 developed platelet aggregates intravascularly in the heart. It is interesting to note that the animals became fatigued after a shorter period of time in the hot than in the cold water. Even though the period of stress before sacrifice was only 8 to 10 minutes, intravascular platelet aggregates were found. The requirement for only a relatively short period of stress may explain why one control rat was found to have intravascular platelet aggregates. The sacrifice procedure was done by a rapid blow to the head with the animal held upside down by the tail. In most instances loss of consciousness occurred with the first blow. In the control rat that developed intravascular platelet aggregation the sacrifice procedure was prolonged. The first blow missed and the rat became very agitated as it was held. It was 4 or 5 minutes until he was adequately immobilized. There may have been sufficient time for intravascular platelet aggregation to have occurred secondary to the stress of the sacrifice procedure.
The role of stress-induced platelet aggregation in clinical disease may be more universal than just the possible occlusion of an area of an already stenosed coronary artery by a platelet thrombus. Early workers34 have postulated that atherosclerotic plaques have their origin as mural thrombi. Duguid presented evidence to suggest that thrombi may evolve into atherosclerotic plaques in the aorta and the coronary arteries. 35 
